Abstract. The stress chaperone protein Hsp70 (DnaK) (abbreviated DnaK) and its co-chaperones Hsp40(DnaJ) (or DnaJ) and GrpE are universal in bacteria and eukaryotes but occur only in some archaea clustered in the order 5¢-grpE-dnaK-dnaJ-3¢ in a locus termed Locus I. Three structural varieties of Locus I, termed Types I, II, and III, were identified, respectively, in Methanosarcinales, in Thermoplasmatales and Methanothermobacter thermoautotrophicus, and in Halobacteriales. These Locus I types corresponded to three groups identified by phylogenetic trees of archaeal DnaK proteins including the same archaeal subdivisions. These archaeal DnaK groups were not significantly interrelated, clustering instead with DnaKs from three bacterial lineages, Methanosarcinales with Firmicutes, Thermoplasmatales and M. thermoautotrophicus with Thermotoga, and Halobacteriales with Actinobacteria, suggesting that the three archaeal types of Locus I were acquired by independent events of lateral gene transfer. These associations, however, lacked strong bootstrap support and were sensitive to dataset choice and treereconstruction method. Structural features of dnaK loci in bacteria revealed that Methanosarcinales and Firmicutes shared a similar structure, also common to most other bacterial groups. Structural differences were observed instead in Thermotoga compared to Thermoplasmatales and M. thermoautotrophicus, and in Actinobacteria compared to Halobacteriales. It was also found that the association between the DnaK sequences from Halobacteriales and Actinobacteria likely reflects common biases in their amino acid compositions. Although the loci structural features and the DnaK trees suggested the possibility of lateral gene transfer between Firmicutes and Methanosarcinales, the similarity between the archaeal and the ancestral bacterial loci favors the more parsimonious hypothesis that all archaeal sequences originated from a unique prokaryotic ancestor.
Introduction
Survival depends to a significant extent on the ability to adapt to new situations such as sudden changes in the environment. These changes, or stressors, may involve temperature, pH, pressure, salinity, chemicals, and other conditions, and cause cell stress. If the changes exceed a certain degree of intensity and/or duration, the cell stress may reach a dangerous level and may cause cell damage or even death (Georgopoulos et al. 1990; Linquist 1992; Nollen and Morimoto 2002) . Cells have mechanisms to deal with stress and its consequences (e.g., protein denaturation); these mechanisms include the chaperoning systems (Missiakas et al. 1996; Linquist 1992; Bukau et al. 2000; Macario and Conway de Macario 2001; Young et al. 2004) , which exist in all organisms and in all cells, tissues, and organs of multicellular life forms (Gupta 1995; Gupta and Golding 1996; Bustard and Gupta 1997; Gupta et al. 1997; Karlin and Brocchieri 1998; Willison 1999; Brocchieri and Karlin 2000; Karlin and Brocchieri 2000; Laksanalamai et al. 2004; Kultz 2005) . The universality of the chaperoning systems testifies to their importance and, also, shows that assisted protein folding, as well as refolding of denatured or misfolded polypeptides, is essential for life. We may then infer that healthy chaperoning systems must be maintained at all times, sick chaperoning systems must be restored to normality as rapidly as possible lest the cell succumb to stress, and manipulation of these systems (e.g., by means of genetic engineering) offers a potentially powerful means for invigorating cells so as to prevent the ravages of stress and to enhance recovery after stress. In view of the latter promising possibilities, we focused on chaperoning systems. We have applied a multidisciplinary approach in various areas; one of these areas includes the elucidation of the distribution of four defined chaperoning systems among organisms of the phylogenetic domain Archaea, and a comparison between this and the other two domains, Bacteria and Eucarya (eukaryotes). The chaperoning systems investigated were the molecular chaperone machine, chaperonins of group I, chaperonins of group II, prefoldins, and associated co-chaperones or co-factors (Macario and Conway de Macario 2001; Macario et al. 2004) . The molecular chaperone machine is essentially composed of three proteins, Hsp70(DnaK), Hsp40(DnaJ) (abbreviated DnaK and DnaJ, respectively), and GrpE in prokaryotes (Georgopoulos et al. 1990; Bukau et al. 2000; Harrison 2003) , but in eukaryotes GrpE is replaced by other molecules (Alberti et al. 2003) .
A pivotal finding was the demonstration that some archaea possess the molecular chaperone machine, but others do not . This was surprising, because the machine is present in all bacterial and eukaryotic organisms, with no exception reported to date.
Absence of the chaperone machine in some archaeal organisms raised fundamental questions: What are the origin and evolution of the archaeal hsp70(dnaK) (in short dnaK) and its two companion genes, hsp40(dnaJ) (abbreviated dnaJ) and grpE? And what can the structural organization of these genes reveal about their mode of transcription and regulation? We have addressed these questions in the work reported here.
The dnaK locus first described for an archaeon was organized 5¢-hsp16-grpE-dnaK-dnaJ-trkA-3¢ (Conway de Macario et al. 1994; , suggesting that this gene arrangement might be the norm in archaea . Also, it was suggested that archaeal DnaK sequences are not obviously differentiated from bacterial counterparts and that the archaeal dnaK genes originated by lateral gene transfer from bacteria (Gribaldo et al. 1999) .
To elucidate the origin and evolution of the genes encoding the molecular chaperone machine in the Archaea, we have carried out genomic and phylogenetic analyses. We examined the genes encoding DnaK and the other two components of the chaperone machine, DnaJ and GrpE, to determine the characteristics of their loci and to search for clues about their transcriptional modes. In parallel, we performed extensive phylogenetic analyses of DnaK proteins.
Materials and Methods

Genome Analyses
The loci and genes studied from the three phylogenetic domains were found in the databases and at the genome-sequence Web sites (see Web Site References); we used accession numbers when available, annotation lists, BLAST searches, and visual-manual searches of genome-sequence displays. The start and end of each coding region, and the lengths of the coding and intergenic regions, were recorded, and the data were organized in sequence from left to right, in the 5¢-to-3¢ direction. More information about the sources of sequences is provided in the figure legends.
Web Sites
Web sites most frequently used are listed under Web Site References (see Supplemental Material online).
Sequence Comparisons and Analyses
Comparative analyses of sequences were performed using the GCG (Genetics Computer Group, University of Wisconsin) and Accelrys, Inc. (San Diego, CA), software. Analyses of amino acid content were performed considering the frequency of amino acid types in conserved regions of DnaK sequences obtained as described below. Amino acids were classified based on the G+C content of their codons (G+C rich-Ala, Arg, Gly, Pro; A+T rich-Ile, Lys, Asn, Tyr, Phe; others-Asp, Glu, His, Leu, Met, Gln, Ser, Thr, Val, Trp), or based on the amino acid preferences in thermophilic organisms (Glu, Gly, Arg, Val, Tyr) or in mesophilic organisms (Cys, His, Asn, Gln, Ser, Thr), and constructing two different three-letter alphabets. Pairwise distance measures between groups of sequences were computed as the sum of the absolute difference in amino acid type frequencies and were used to cluster the sequences with the average-linkage method (Sokal and Rolf 1981) .
Phylogenetic Analyses
We analyzed the phylogenetic relations of 15 conserved archaeal Hsp70(DnaK) sequences with eukaryotic and bacterial DnaK sequences. From an initial set that included 327 archaeal, bacterial, and eukaryotic Hsp70(DnaK) sequences that we were able to collect from public databases, we selected 198 sequences (available in  Supplemental Material, Table S1 , online), applying the following criteria. Among genes from prokaryotic species, whenever multiple copies of dnaK genes were present in one genome we selected among them the most conserved paralogue, i.e., the gene copy that was less diverged from their common ancestor. We excluded all eukaryotic organellar sequences and we eliminated all sequences with anomalously high or low divergence rates, as determined from preliminary trees. We also excluded bacterial and eukaryotic sequences that branched in unexpected positions so as to avoid inclusion of possibly misannotated sequences. The final set included 15 archaeal, 81 bacterial, and 102 eukaryotic sequences. Selection of a reduced set allowed us (i) to obtain a more reliable alignment of the sequences; (ii) to minimize the effect of longbranch and short-branch attraction associated with fast -diverging sequences; (iii) to minimize the problem of heterogeneous evolutionary rates in different lineages when inferring position-specific evolutionary rates; and (iv) to increase the number of aligned positions used for phylogenetic tree reconstructions from 252 positions in the original set to 465 positions in the final set of 198 sequences. Besides a preliminary tree of all 327 sequences (shown in Supplemental Material, Fig. S1 , online), phylogenetic trees were constructed for (i) 96 prokaryotic plus 102 eukaryotic sequences; (ii) 96 prokaryotic sequences; (iii) a set of 33 sequences including all 15 archaeal sequences, 16 bacterial sequences representative of 16 distinct bacterial phyla, and 2 eukaryotic sequences representative of cytoplasmic and endoplasmatic reticulum (ER) sequences for computationally intensive maximum-likelihood (ML) analyses; (iv) 21 ''consensus sequences'' obtained with the sequence alignment program ITERALIGN , representing 3 archaeal,16 bacterial and 2 eukaryotic groups (see Results); and (v) the 19 ''consensus sequences'' representative of prokaryotic groups only. Alignments were obtained with the multiple sequence alignment program Clustal-W (Thompson et al. 1994) . Phylogenetic trees were calculated using the neighbor-joining (NJ) algorithm (Saitou and Nei 1994) , the maximum likelihood heuristic algorithm quartet puzzling (QP) (Strimmer and Haeseler 1996) as implemented in the computer program TREE-PUZZLE (Schmidt et al. 2002) , and the maximum likelihood (ML) algorithm (Kishino et al. 1990 ) as implemented in the PHYLIP package (Felsenstein 1989) . Pairwise-distance matrices were estimated assuming gammadistributed mutational rates (Ota and Nei 1994) , with the parameter a calculated with the ML procedure implemented in the phylogenetic program TREE-PUZZLE (Schmidt et al. 2002) . Bootstrap values were based on 100 samples for ML trees and for the preliminary NJ tree with 327 sequences and on 1000 samples for all other trees.
Results
dnaK Loci in Archaea
We carried out a search of electronic and printed literature, and of sequenced genomes, to identify all the sequenced dnaK genes present in archaeal species. The identified genes were mapped along with the flanking genes, whenever sufficient and reliable sequence information was available. Examination of the structure and organization of the archaeal dnaK loci revealed that these loci could be classified into three types, termed Types I, II and III.
Locus I Types I and II were both characterized by the typical triad arrangement 5¢-grpE-dnaK-dnaJ-3¢. However, in Type I, the intergenic region between grpE and dnaK was considerably longer (78 to 431 bp) than that in Type II ()23 to 14 bp) (Figs. 1A and B) . The structure of the triad in the loci from Methanosarcina species was quite conserved (Fig. 1A) , as was the structure of the triad in the Thermoplasmatales (Fig. 1B) . The dnaK locus of Picrophilus torridus (Futterer et al. 2004 ) is organized as in other Thermoplasmatales (Thermoplasma and Ferroplasma), and the intergenic region between the first two genes is )23 bp long (i.e., grpE and dnaK overlap over 23 bp). This overlap corresponds to an extension of nine amino acids of the C-terminal tail of the P. torridus DnaK protein compared to the protein in Thermoplasma species. The intergenic region between dnaK and dnaJ in P. torridus is 8 bp long (Fig. 1B) . Taken together, these data show that the intergenic regions in these organisms are very short, or nonexistent, as is that between grpE and dnaK in P. torridus. In Locus I from Methanothermobacter thermoautothrophicus the distance between dnaK and dnaJ (150 bp) resembled the intergenic distance observed in the Type I Locus I of Methanosarcinales (66-129 bp) (Fig. 1A) or the intergenic distance observed in the Type III Locus I of Halobacteriales (75-141 bp) (Fig. 1C) . However, the short intergenic region between grpE and dnaK (14 bp) was typical of Locus I Type II ()23 to 6 bp) (Fig. 1B) . Phylogenetic analyses of DnaK proteins (see below) supported the classification of M. thermoautotrophicus Locus I as Type II.
A diversified pattern was observed for Locus I Type III. In Halobacterium sp. NRC-1 and Haloferax mediterranei (Fig. 1C) , grpE and dnaK were separated by 891 and 1135 bp, respectively, with one predicted gene between them. In these genomes, dnaK and dnaJ were encoded next to each other with separations of 75-141 bp, similarly to Locus I Type I. In Haloarcula marismortui, grpE and dnaK were separated by 165 bp, without any gene between them, as in the loci of Types I and II, but the third member of the triad, dnaJ, was encoded over 3000 bp downstream of dnaK, separated from it by four predicted genes. These results showed more differences between loci among Halobacteriales than among Methanosarcinales or Thermoplasmatales. However, phylogenetic analysis of DnaK proteins confirmed the close relation of these loci, which should be considered as one diversified group (see below).
dnaK Locus I Types and DnaK Phylogeny
The evolutionary relations of archaeal Locus I among Archaea and its relation with bacterial loci can in principle be studied by the relations among its gene or protein sequences. Among these, grpE and dnaJ have evolved at a fast rate and cannot be reliably used for phylogenetic analyses when comparing archaeal and bacterial genes/proteins. Genes for DnaK are instead quite conserved even between Archaea and Bacteria and their evolutionary relations can be used to represent the evolutionary relations of the corresponding loci.
Phylogenetic trees of DnaK protein sequences were constructed with different procedures and collections of sequences (see Materials and Methods). Results of these analyses relevant to the evolution of archaeal sequences are summarized in Table 1 A largely unresolved tree was produced by the QP procedure. Clusters obtained by this procedure with the highest reliability are listed in the condensed TREE-PUZZLE output file (see Supplemental Material, Output of TREE-PUZZLE, online). All trees supported with high reliability the clustering of archaeal DnaK sequences into three separate groups: Group 1 included all sequences from Methanosarcinales (which have Locus I of Type I); Group 2 included all sequences from Thermoplasmatales (from the genera Thermoplasma, Ferroplasma, and Picrophilus, which have Locus I of Type II) and, in addition, the sequence from M. thermoautotrophicus, supporting the classification of its Locus I as Type II; Group 3 included all sequences from Halobacteriales, shown from 5¢ to 3¢, from left to right. Each box represents a gene and the figures underneath each row of genes represent the length, in base pairs (bp), of the respective intergenic regions. The loci were aligned one underneath another by placing the dnaK genes in a single column. The M. acetivorans C2A locus was used as reference and is shown in the top row, where the genesÕ names are displayed above their respective boxes. Boxes with a name or a numerical designation inside represent genes that are different from the gene at the top of the respective column and that have been annotated and assigned a putative function. NN indicates that the gene has no known function or specific name. Gene 3 is dnaK, i.e., the central gene that defines the locus. This locus includes the stress-gene triad composed of genes 2 (three-celled box), 3 (four-celled box), and 4 (two-celled box), namely, 5¢-grpE-dnaK-dnaJ-3¢. The other genes on both sides of the triad, when known, are displayed, to show that they are not as conserved as the stress-gene triad. Only 159 bp has been sequenced at the 3¢ end of grpE in M. thermophila TM1. B dnaK Locus I Type II. The loci shown are from Thermoplasma acidophilum (T. a.), Thermoplasma volcanium (T. v.), Ferroplasma acidarmanus (F. a.), Picrophilus torridus (P. t.), and Methanothermobacter thermoautotrophicus (Methanobacterium thermoautotrophicum) Delta H (M. t.). C dnaK Locus I Type III. The loci shown are from Halobacterium sp. NRC-1 (H. s.) and from Haloferax mediterranei (H. m.). Org., organism; perm., permease; RNAP, RNA polymerase; k-ase, kinase; RNaseP, RNaseP RNA. The sequence sources were the genome Web sites (see Web Site References in Supplemental Material, Table S3 , online) and Conway de Macario et al. 1994 , Gupta and Singh 1993 , Macario et al. 1991 , 1993 , 1995 , Hoffman-Bang et al. 1999 , Deppenmeir et al. 2002 , Galagan et al. 2002 , Smith et al. 1997 , and A.S. Kazi and C.K.K. Nair, Bombay, India (accession number AF069527; gi, 10798841; H. mediterranei). For H. mediterranei, no sequence is available upstream of grpE. Not shown is the locus from Haloarcula marismortui (whose genome has recently been sequenced [Baliga et al. 2004 ; http://halo.systemsbiology.net; for sequence, data, annotations, and analyses, http://www.ebi.ac.uk/interpro/READ-ME1.html; InterProScan, http://www.genome.ad.jp/kegg-bin/ srch_orth_html; KEGG database, http://ncbi.nih.gov/COG]), in which the dnaJ gene is not in the dnaK locus but is separated from the latter by 3266 bp, with other genes between them. grpE and dnaK are consecutive genes (no other gene between them), separated by 165 bp. Including also a sequence from Fusobacterium.
c Group observed in the ML consensus tree (as obtained from the program CONSENSE of the Phylip package with the majority-rule-extended option).
d A dash indicates that the cluster was not observed among the bootstrapped replicas or, in the case of the QP procedure, the cluster was observed too infrequently to be reported (reliability values less than 30%).
supporting the classification of their structurally diversified Locus I as Type III. The three groups of archaeal Hsp70(DnaK) sequences did not cluster together but tended to associate with separate bacterial groups. However, these associations were characterized by low bootstrap support, whose magnitude depended on the collection of sequences compared (Table 1 ). The strongest association was observed between the DnaK sequences from Methanosarcinales (Group 1) and Firmicutes, with a bootstrap support of 72% in the complete tree of 196 eukaryotic and prokaryotic sequences and of 66% in the prokaryotes-only tree (NJ method). However, the support for this association was much lower (£ 40%) for all other trees. The position in the evolutionary trees of the sequences from Thermoplasmatales and M. thermoautotrophicus (Group 2) was variable. Highest support values (55-57%) were obtained for the association with the sequence from Thermotoga in the ML trees obtained from consensus sequences, but with much lower support (£ 30%), and sometimes including the sequence from Aquifex for other trees. Halobacteriales (Group 3) associated with Actinobacteria with bootstrap support of 35-41% in the NJ trees with prokaryotic or consensus sequences, but in all other trees they joined different clusters with much lower support (£ 27%) ( Table 1) . We concluded that, as in previous analyses (Gribaldo et al. 1999) , bootstrap analysis does not significantly support the prevailing associations observed in phylogenetic trees of archaeal and bacterial Hsp70(DnaK) sequences. Moreover, the results were not stable on the choice of treereconstruction method and on the selection of data.
Amino Acid Composition of DnaK Sequences
The three groups of archaeal DnaK sequences associated with bacterial sequences revealed by our phylogenetic analyses include sequences translated either from genes of high G+C content (HalobacterialesActinomycetes association) and low G+C content (Methanosarcinales-Firmicutes association) or from thermophilic organisms (association of Thermoplasmatales and M. thermoautotrophicus with Aquificales and Thermotogales). It is therefore possible that these associations are a consequence of the biases in amino acid usage characteristic of organisms with these genomic or environmental preferences. To determine if the expected compositional biases of the sequences from these organisms extended to the conserved (aligned) regions of DnaK, we characterized all aligned positions of their DnaK sequences by amino acid content, distinguishing (i) content in amino acids encoded by strong bases (G+C-rich codons: Ala, Arg, Gly, Pro), encoded by weak bases (A+T-rich codons: Ile, Lys, Asn, Tyr, Phe), and others; and (ii) content in amino acids overrepresented in thermophilic organisms (Glu, Gly, Arg, Val, Tyr), in mesophilic organisms (Cys, His, Asn, Gln, Ser, Thr), and others. By using these two three-letter alphabets we determined the similarity in amino acid composition of all sequence groups identified by our phylogenetic analyses (see Materials and Methods). The clusters obtained are shown in Figs. 4A (based on G+C Table 1 for other relevant bootstrap values. The scale bar represents the indicated number of substitutions per position for a unit branch length. content) and 4B (based on the thermophilic vs. mesophilic amino acid preferences). Among the groups of archaeal and bacterial DnaK sequences observed in our phylogenetic trees, similarity in amino acid usage did not explain the grouping of Methanosarcinales with Firmicutes or the grouping of Thermoplasmatales and M. thermoautotrophicus with Aquificales and Thermotogales. However, we observed, using both alphabets (Figs. 4A and B) , the association of the sequences from Halobacteriales with those from Actinobacteriales. This result suggests that common biases in amino acid usages may be sufficient to explain the weak association of these sequences observed in phylogenetic trees.
Structural Features of Bacterial dnaK Loci
For further information on the possible relations of archaeal dnaK loci, we analyzed the structural features (gene order and separation) in dnaK loci from 124 bacterial species classified in 17 different lineages. Summary results of this analysis are shown in Table 2 (a complete list of gene positions and gene separations for each locus is given in Supplemental Material, Table S2 , online). Bacterial loci containing all three genes (''complete groups'' in Table 2 ) were most commonly characterized by the arrangement grpE-dnaK-dnaJ. This arrangement was observed among Proteobacteria, Spirochaetes, Chloroflexi, Cyanobacteria, Fusobacteria, and Firmicutes. Variations of the same arrangement were observed in Fusobacterium, in some Firmicutes and in some Betaproteobacteria, where one gene was inserted between dnaK and dnaJ, and among a-, b-, and c-proteobacteria, where one or more genes were inserted between grpE and dnaK. Incomplete groups with the arrangement grpE-dnaK or dnaK-dnaJ, possibly remnants of the same complete arrangement, were also observed in other loci from Firmicutes, Cyanobacteria, Chlamydiales, and a-, b-, c-, d-, and -proteobacteria, where two of the three genes were encoded either next to each other or separated by one or a few genes. The arrangement grpE-dnaK-dnaJ, however, was not observed in Actinobacteria or in the Deinococcus-Thermus group, which were instead characterized by the gene arrangement dnaK-grpEdnaJ. Partial groups likely to reflect the same arrangement were observed in certain actinobacterial loci, which encoded the close pair dnaK-grpE and, separately, dnaJ. Bacteroidetes, Chlorobium, and Thermotoga encoded the group grpE-dnaJ and, separately, dnaK, which could have derived from either one of the complete arrangements by means of different evolutionary processes. No groups were observed in Aquifex aeolicus, where the three genes were encoded separately from each other. The wide distribution in different bacterial lineages of the ordering grpE-dnaK-dnaJ suggests that this represents the structure of the archetypical bacterial locus. This structure appears to have been repeatedly modified in different lineages by transposition of one or more genes, by duplications, and by occasional insertion of other genes. A rearrangement characterized the evolution of the locus in Actinobacteria and in the Deinococcus-Thermus group.
Comparison of the dnaK Bacterial Loci with Archaeal Locus I
In view of the sequence relations of archaeal DnaK proteins with those of Firmicutes, Actinobacteria, and Thermotogales (sometimes Aquificales) suggested by evolutionary tree reconstructions, it was interesting to consider how the structural features of the dnaK loci in these bacterial groups compared to those of the corresponding archaeal loci. We have observed that among 23 genomes of Firmicutes, by far the most frequent gene order was 5¢-grpE-dnaKdnaJ-3¢ (Table 2 ) as in Methanosarcinales Locus I Type I. Moreover, the distribution of intergenic dis- tances observed in Firmicutes between grpE and dnaK (range, 17-479 bp) and between dnaK and dnaJ (range, 57-759 bp) (Table 3) overlapped those observed in Methanosarcinales Locus I Type I, which showed ranges of 78-431 and 66-129 bp, respectively ( Fig. 1 and Table 2 ). The resemblance of the structural features of the dnaK loci in the two groups are consistent with the hypothesis of lateral gene transfer of the dnaK locus between Firmicutes and Methanosarcinales. However, similar structural features were also observed in bacterial groups as diverse as Proteobacteria, Spirochaetes, Cloroflexi, and Cyanobacteria, suggesting that they were characteristic of the primordial bacterial locus.
In contrast, the gene order and intergenic lengths observed in Thermotoga maritima (Thermotogales) and Aquifex aeolicus (Aquificales) were different from those observed in Thermoplasmatales and M. thermoautotrophicus, in which the three genes occur in the order 5¢-grpE-dnaK-dnaJ-3¢ (Locus I Type II; Fig. 2 ). In T. maritima, grpE and dnaJ were instead close to one another, separated by 6 bp (Table 2) , and dnaK was encoded in a distant locus. In A. aeolicus, all three genes were in sepa- In the instances shown, the genomes contained gene groups that were incomplete, i.e., with one of the three genes missing.
e Number of times the incomplete gene group was observed.
f When one or more other genes are inserted between the two genes shown, this is indicated by X when one gene is inserted or by X 1)6 when, for example, from one to six genes are observed inserted in different instances. Figures in brackets represent the number of nucleotides (length of the intergenic region) separating the contiguous genes shown. If there are two figures within the brackets they indicate the lower and upper values (range) of the number of nucleotides separating two contiguous genes, when the gene group was observed in different instances. A minus sign indicates that the two genes are overlapping by the indicated number of nucleotides. g A dash signifies that no instances of the indicated gene group type (complete or not) were observed. In the case of Aquificales no gene groups were observed; the genes were found separated, far apart from each other in the genome.
rate loci (Supplemental Material, Table S2 , online). Similarly, the gene order observed in Actinobacteria did not reflect the structural features observed among Halobacteriales (Locus I Type III; Fig. 3) , in which the gene order was 5¢-grpE-NN-dnaKdnaJ-3¢ (NN denotes an unidentified gene interposed between grpE and dnaK). In fact, as we have seen (Table 2) , the genes of Actinobacteria were most frequently organized in the order 5¢-dnaK-grpEdnaJ-3¢, with dnaK and grpE near one another.
Discussion
Locus I Types: Evolutionary and Functional Implications
Many archaea do not have the stress gene dnaK that encodes the molecular chaperone DnaK, which is highly conserved in sequence and is always present in bacteria and eukaryotes ). We found that in the archaeal species in which dnaK does occur, this gene is in a locus, termed dnaK Locus I, typically along with the genes grpE and dnaJ, encoding chaperones known to interact and cooperate with DnaK in protein folding (Georgopoulos et al. 1990; Bukau et al. 2000; Zmijewski et al. 2004 ).
The three genes were organized as follows: 5¢-grpEdnaK-dnaJ-3¢, except in Halobacterium sp. NRC-1 and H. mediterranei, in which a gene of unknown function was predicted between grpE and dnaK (Figs. 1A-C). Furthermore, in H. marismortui, the locus encoded grpE and dnaK adjacent to one another but dnaJ separated from dnaK by four predicted genes. These findings indicate that haloarchaea are quite diverse with respect to the dnaK-locus genes. Three Locus I types were identified and named I, II, and III. These Locus I types differed in structural and organizational details, and corresponded to the clusters, termed Groups 1, 2, and 3, of archaeal DnaK proteins revealed by phylogenetic analyses. Locus I Type I occurred in the archaeal organisms whose DnaK proteins formed Group 1, and these proteins clustered with the DnaK proteins from Firmicutes (Gram-positive bacteria with low G+C content in their DNAs), with the occasional addition of the sequence from Fusobacterium; interestingly, this archaeal Group 1 includes mesophilic, moderately thermophilic, and psycrophilic species.
Locus I Type II occurred in the archaeal organisms whose DnaK proteins formed Group 2, and these proteins clustered with the DnaK proteins from Thermotogales, sometimes in association with Aquificales. Locus I Type III was found in the archaeal a Among the genomes from 23 species that were examined, 20 (listed in the table) had the typical cluster 5Õ-grpE-dnaK-dnaJ-3Õ, whereas the other 3 had some variation of it: an extra gene between dnaK and dnaJ (Bacillus halodurans C-125 and Enterococcus faecalis V538) or dnaJ located at a distant site, i.e., not clustered with the other two genes in the chromosome (Lactococcus lactis subsp. lactis). The Clostridium acetobutylicum ATCC 824 genome contains, besides the typical cluster, a second cluster where the grpE gene is followed by two copies of the dnaK gene.
organisms whose DnaK proteins formed Group 3, and these proteins clustered with the DnaK proteins from Actinobacteria (Gram-positive bacteria with high G+C content in their DNAs). All of the organisms with Type III Locus I were extreme halophiles and showed a diversity in locus organization that was not observed in the other two Locus I Types. This diversity parallels other kinds of variations observed in haloarchaeal genomes, suggesting that these genomes are somewhat variable by comparison with other archaeal groups, e.g., the methanogens (Ng et al. 2000; Baliga et al. 2004 ).
In previous work, it was demonstrated that the genes in the triad 5¢-grpE-dnaK-dnaJ-3¢ in M. mazei S-6 are transcribed individually from a different promoter for each gene, rather than as an operon from a single promoter as in many bacteria Conway de Macario et al. 1995) . The structure and organization of the triad in M. mazei S-6 are very similar to those in the other Methanosarcina species studied in this work, all of which display Locus I Type I. Therefore, we may predict that in all Methanosarcina species, and perhaps in all archaea with Locus I of Type I, the same mode of transcription will occur. In fact, putative promoters have been identified upstream of the three genes in these organisms (Hickey et al. 2002) . In contrast, there is no room for a typical promoter in the intergenic regions upstream of dnaK and dnaJ in Locus I Type II, found in Thermoplasmatales and in M. thermoautotrophicus. We may then infer that in organisms with a Locus I of Type II, the mode of transcription of the genes in the triad 5¢-grpEdnaK-dnaJ-3¢ is different from that of the genes in Locus I Type I. The three genes in Thermoplasmatales could be transcribed as a single operon, and at least grpE and dnaK could be transcribed together in M. thermoautotrophicus. In all these organisms, bearing a Locus I of Type II, the transcription would be commanded from a single promoter upstream of grpE, as is the case for some bacteria.
The structural features of Locus I Type III (present in Halobacteriales), in terms of length of intergenic regions upstream of grpE, dnaK, and dnaJ, and in terms of presence of putative promoters, are similar to those of Type I. These similarities suggest that the mode of transcription of the genes in Locus I Type III is monocistronic, commanded by a promoter for each gene, as has been demonstrated for the genes of Locus I Type I in M. mazeii S-6.
Origin of the Archaeal dnaK Genes
Our phylogenetic analyses revealed three distinct groups of archaeal DnaK sequences, suggesting that, within each of these groups, the dnaK gene derived from a common ancestor through vertical descent. Groups 1 and 3 comprised, respectively, sequences from Methanosarcinales and Halobacteriales, and they conformed to recognized taxonomic classifications. Group 2 included all sequences from Thermoplasmatales and the sequence from M. thermoautotrophicus, indicating that Thermoplasmatales and Methanobacteriales possess dnaK genes derived from the same ancestor.
In contrast to the internal cohesiveness of the three archaeal dnaK-gene groups (i.e., Locus I Types I-III) demonstrated by genomic studies and by the phylogenetic analyses of their protein products, the evolutionary relations among these three groups were not evident. The three groups of archaeal DnaK protein sequences did not cluster together to form an archaeal supercluster, as we might expect from the cohesiveness of the archaeal domain as a whole, but, in agreement with previous results Gribaldo et al. 1999) , they seemed to associate with distinct bacterial groups, suggesting separate events of lateral gene transfer (LGT).
LGT from bacteria has been previously suggested in the evolution of archaeal dnaK genes (Gribaldo et al. 1999) and as an important factor in the evolution of archaeal genomes (Aravind et al. 1998) . The hypothesis that archaeal dnaK genes have been horizontally transferred from organisms belonging to separate bacterial clusters is an attractive proposition that may explain the lack of an obvious relation among the three groups of archaeal DnaK proteins and their association with distinct bacterial groups. These associations could also help in predicting the modes of transcriptional regulation for the genes in the various archaeal groups, based on what is known for the bacterial species closest to each group.
Among the three archaeal groups, the association of Methanosarcinales with Firmicutes was the most strongly supported, although with bootstrap values often less than 50% (Table 1 ). The structural similarities of the loci involving the grpE, dnaK, and dnaJ genes in Firmicutes and in Methanosarcinales (same order and similar intergene spacer lengths) also suggested that these genes have been laterally transferred between the two groups. However, we noticed that the structural features common to Firmicutes and Methanosarcinales were also common to many other bacterial lineages, suggesting the possibility that modern-age Firmicutes and Methanosarcinales may have independently inherited the structural organization of their loci from a primitive prokaryotic ancestor. Furthermore, although in M mazei S-6 and probably in other Methanosarcinales, each gene of Locus I is controlled by a separate promoter Conway de Macario et al. 1995) , the dnaK locus of Firmicutes is polycistronic, as has been observed in B. subtilis (Homuth et al. 1997) , Listeria monocytogenes (Hanawa et al. 2000) , and Clostridium acetobutylicum (Narberhaus et al. 1992) or predicted in Staphylococcus aureus (Wang et al. 2004) . This difference in functionality of the intergenic regions of the locus in Firmicutes vs. Mathanosarcinales may suggest that their similarity in length could have evolved independently in the two lineages.
The associations between archaeal and bacterial DnaK sequences for loci of Type II (Thermotoplasmatales and M. thermoautotrophicus) and of Type III (Halobacteriales) were tenuously supported by bootstrap analysis and largely depended on the choice of data and clustering method. We have been able to show that in the case of Halobacteriales and Actinobacteria these associations may result from the biases in amino acid usages that characterize genomes of high G+C content (Fig. 4) . Sequence biases that characterize proteins of thermophilic organisms may also contribute to the clustering of DnaK sequences from Thermoplasmatales and M. thermoautotrophicus with Thermotogales (Kreil and Ouzounis 2001; Tekaia et al. 2002) . Besides poor bootstrap support for the associations between these DnaK sequences, we also found that there was no similarity in the structural organization of the loci between the corresponding archaeal and bacterial genomes.
It is interesting to consider the LGT hypothesis in view of recent reconstructions of the phylogeny of archaeal organisms, based on 16S rRNA and ribosomal proteins (Forterre et al. 2002; Brochier et al. 2005) . These phylogenetic relations imply that if archaeal dnaK genes were acquired by three independent LGT events, the evolutionary history of the gene in Archaea must have consisted of a complex pattern of acquisitions, losses, and substitutions. Among the possible scenarios, the most parsimonious, illustrated in Fig. 5 , implies a primordial acquisition of a Type II gene (encoding DnaK of Group 2), followed by two independent losses of the same gene in the lineages of Methanococcales and in the progenitor of Archaeoglobales, Halobacteriales, and Methanosarcinales. These events must have been followed by the independent acquisition in the Methanosarcinales and Halobacteriales of, respectively, Types I and III genes (encoding DnaK proteins of Groups 1 and 3). A scenario of vertical descent with lineage-specific structural and functional differentiation would instead imply independent gene loss events in the archaeal lineages (hyperthermophiles?) that do not encode the hsp70 locus.
As for the relationships between archaeal and bacterial sequences, inconsistent associations were also observed for DnaK sequences of different major bacterial lineages when comparing different trees ( Figs. 2 and 3 ; also Supplemental Figs. S2-S6 ). This sort of result is common in reconstructions of bacterial phylogenies based on protein sequences (Teichmann and Mitchison 1999; Brocchieri 2001 ).
The difficulty in distinguishing ancestral bacterial relationships has been attributed to the accumulation of multiple mutational events in all variable positions of protein sequences, i.e., mutational saturation (Philippe and Laurent 1998; Brocchieri 2001) . Somewhat paradoxically, more distantly related archaeal and bacterial protein homologs are more clearly distinguished (Lopez et al. 1999 ), a phenomenon that can be explained by the characteristic functional differentiation specific to each phylogenetic domain that is observed for many homologous genes (e.g., hsp60 or recA genes) between Bacteria and Archaea, but that is not obvious from the analysis of bacterial and archaeal DnaK sequences.
A lack of substantial functional differentiation between archaeal and bacterial DnaK sequences may explain the uncertainties in determining their evolutionary relationships. However, differences in structural features indicate that various transcriptionalregulatory modes, perhaps only slightly different from one another, have evolved in the three types of dnaK Locus I from different archaeal groups. A comparison of the structural and functional features of the dnaK locus in Bacteria and Archaea suggests the possibility that the different types of archaeal dnaK loci extant today derived and independently evolved from a primordial archaeal ancestor (or from a meta-genomic organism; Woese 1998). (Forterre et al. 2002; Brochier et al. 2005) . One of the possible scenarios of dnaK gene loss/acquisitions in various archaeal lineages is shown. Circled I, II, and III represent independent insertions of Locus I Type I, Type II, and Type III genes in Archaea by lateral gene transfer. Crossed-out circles represent losses of the corresponding loci.
